Recent cDNA microarray studies have reported the prognostic value of several genes in mantle cell lymphoma patients. We aimed to validate the prognostic significance of three of these genes: a-tubulin, cdc2, and CENP-F. The protein expression of a-tubulin, cdc2, and CENP-F was assessed using immunohistochemistry. Their immunoreactivity in 48 formalin-fixed/paraffin-embedded mantle cell lymphoma tumors was determined by estimating the percentage of positive cells. These results were correlated with the expression of proliferation marker Ki67 and survival. Of these 48 mantle cell lymphoma patients, 41 were men and seven were women. The median age at time of diagnosis was 64.5 years, and the overall median survival was 40 months. In benign lymph nodes, the expression of cdc2 and a-tubulin was restricted to the germinal centers; mantle zones were negative. Expression of CENP-F was more uniformly distributed. In mantle cell lymphoma, Ki67 significantly correlated with all three markers (Po0.05, Spearman), but only Ki67 (450%) and cdc2 (425%) significantly correlated with shorter survival (Po0.0006, Spearman). Of several clinical parameters examined, international prognostic index of Z2 correlated with worse clinical outcome, and high clinical stage (ie 4 vs r3) showed a trend for shorter survival. The prognostic significance of cdc2 and Ki67 was independent of international prognostic index and clinical stage. We have validated the prognostic value of cdc2, and confirmed that of Ki67, in a cohort of mantle cell lymphoma patients. Immunohistochemical detection of cdc2 and Ki67 may be a useful and simple method in evaluating the prognosis of mantle cell lymphoma patients. Keywords: mantle cell lymphoma; prognosis; cdc2; Ki67; immunohistochemistry Mantle cell lymphoma is an aggressive nonHodgkin's lymphoma of mature B-cell immunophenotype, characterized by the chromosomal translocation t(11;14) and overexpression of cyclin D1.
Mantle cell lymphoma is an aggressive nonHodgkin's lymphoma of mature B-cell immunophenotype, characterized by the chromosomal translocation t (11;14) and overexpression of cyclin D1. 1 The median survival of mantle cell lymphoma patients is roughly 3 years, but it has been recognized that the length of survival is relatively heterogeneous. 2, 3 Various studies have been performed in evaluating the prognostic importance of a number of clinical, pathologic, and biologic markers. For the pathologic parameters, blastoid and mantle zone mantle cell lymphoma have been reported to correlate with shorter and longer survival respectively, 4, 5 although the frequencies of these mantle cell lymphoma variants are relatively low. For the clinical parameters, patient age, the presence of splenomegaly or anemia, but not international prognostic index (IPI) and Ann Arbor clinical stage, were found to be associated with survival in one study. 2 Nevertheless, IPI and its determinants, including bone marrow involvement, performance status, advanced stage disease, were found to predict prognosis in another study. 3 For the biologic markers, high proportion of cells positive for Ki67 has been found to correlate with worse clinical outcome. 4, 6, 7 In addition, genetic alterations in p53 [8] [9] [10] and loss of p27 11 are associated with worse clinical outcome. While these biologic markers have been shown to be useful in predicting survival, these assays have not be carried out in most routine diagnostic pathology laboratories.
The pathogenesis of mantle cell lymphoma is incompletely understood. While cyclin D1 overexpression is believed to contribute to the pathogenesis of this disease, this genetic defect alone is not sufficient in inducing tumorigenesis in a transgenic mouse model. 12 More recent studies employing genome-scale expression profiles showed that mantle cell lymphoma cells have deregulation in multiple cellular pathways and processes, involving apoptosis, cell cycle progression, signal transduction, and cell structure. 13, 14 These data not only shed light into the pathogenesis of mantle cell lymphoma, but also provide an opportunity to assess the prognostic value of the expression of various genes in these tumors. Rosenwald et al identified 48 mantle cell lymphoma signature genes that are significantly correlated with survival of mantle cell lymphoma patients. Most (28 of 48) of these genes are associated with cellular proliferation, including genes required for DNA replication, cell cycle progression, and the metabolic demands for DNA replication. The authors also constructed a model taking into account the expression level of four signature genes, a-tubulin, cdc2, CENP-F, ASPM, and they found that this model predicted survival with high statistical significance.
Since antibodies are commercially available for atubulin, cdc2, and CENP-F, we tested the prognostic value of these three markers using standard immunohistochemistry and formalin-fixed/paraffinembedded tissues from 48 mantle cell lymphoma tumors. The protein expression level of each of these three markers was correlated with the Ki67 expression level (ie proliferation index) and statistical analysis was performed to assess the prognostic value of these markers. Validation of these markers using immunohistochemistry may allow prognostic assessment for mantle cell lymphoma patients to be readily performed in most diagnostic pathology laboratories.
Materials and methods

Patient Samples
A total 48 mantle cell lymphoma patients, who were initially diagnosed at the Cross Cancer Institute between 1993 and 2004, were identified from the file at the Department of Laboratory Medicine and Pathology, Cross Cancer Institute. Formalin-fixed/ paraffin tissue blocks were available for all of these 48 cases. The use of these human tissue samples was approved by the Institutional Ethics Committee. The diagnosis of all 48 mantle cell lymphoma was reviewed and confirmed using criteria described in the WHO Classification scheme for hematologic malignancies. 1 All cases were positive for CD5 and/or CD43 and cyclin D1, and negative for CD23. Two cases were of blastoid variant and none showed a predominantly mantle zone growth pattern. Treatment for each mantle cell lymphoma patient was determined during our weekly lymphoma rounds for new patients, based on our institutional protocol.
Tissues and Immunohistochemistry
Mantle cell lymphoma tissue microarrays containing tissue cores from each mantle cell lymphoma tumor and two benign lymph nodes were constructed. Monoclonal antibodies reactive with atubulin and cdc2 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal antibody to CENP-F was obtained from Novus Biologicals (Littleton, CO, USA). Immunohistochemical staining was performed using standard techniques. Briefly, tissue sections of 4 mM thickness from the mantle cell lymphoma tissue microarrays were deparaffinized and rehydrated with graded alcohol. Heat-induced epitope retrieval was performed using Tris buffer (pH 9.9; Dako, Mississauga, Ontario, Canada) and a rapid microwave histoprocessor (RHS, Milestone, Bergamo, Italy). Endogenous peroxidase activity was blocked by incubating samples in 3% H 2 O 2 for 10 min, followed by a wash with water and then phosphate-buffered saline (PBS; pH 7.2). Tissue sections were then incubated with anti-a-tubulin antibody (1:400), anti-cdc2 antibody (1:100), or anti-CENP-F antibody (1:200) overnight in a humidified chamber at 41C. After three washes with PBS, tissue sections were incubated with anti-mouse or anti-rabbit IgG and peroxidase (EnVision, Dako) for 30 min at room temperature. After three washes with PBS, tissue sections were incubated with 3,3 0 -diaminobenzidine/H 2 O 2 (Dako) for color development and hematoxylin was used as a counterstain. Duplicated experiments were performed. For Ki67 immunostaining, monoclonal antibody was purchased from Immunotech (Westbrook, MN, USA; 1:120), and the method was similar to that for the other three antibodies, except that the incubation for the primary antibody was 30 min at room temperature.
For each case, a score of 0-4 was given by two independent observers based on the estimate of the percentage of cells showing definitive staining, regardless of the staining intensity (0 ¼ no stain, 1 ¼ less than 10% of cells, 2 ¼ 10-25%, 3 ¼ 26-50%, 4 ¼ 450%). Evaluation of immunostaining was performed without knowing the clinical outcome and the other staining results. The final score for each marker was the average of the scores obtained by the two observers (DH, RL). Cases with major discrepancy in scoring (ie 41) were reviewed by both observers on a multiheaded microscope.
Statistical Analysis
Logrank test was utilized for univariate survival comparisons, unstratified and stratified adjustment for stage, between different groups, and Kaplan-
Meier survival estimates and median survival times were computed. Relative risk is the ratio of two proportions of patients showing disease progression and methods of calculation have been described. 15 Two-sided tests were used in the statistical analysis and were performed using SAS software (version 8.1, SAS Institute, Cary, NC, USA).
Results
Clinical and Demographic Characteristics
The clinical and demographic data of the 48 mantle cell lymphoma patients are summarized in Table 1 . There were 41 men and seven women (M:F ¼ 6.7:1).
The median age at the time of diagnosis was 64.5 years, with 35 (73%) patients being 60 years of age or older. The overall median survival was 40 months ( Figure 1 ). In all, 29 (60%) died during the followup. IPI was retrievable on 30 patients; seven (23%) patients had an IPI of 0 to 1 and 23 (77%) had an IPI of 2 to 5. Serum lactate dehydrogenase (LDH) level was elevated in six of 31 (19%) patients. Most (31/ 47, 66%) patients were in Ann Arbor stage IV at time of diagnosis, and most (33/42, 79%) had a performance status of 0 or 1. With regard to treatment, 21 patients received CHOP (cyclophosphamide, doxorubicin, vincristine, prednisone)-based therapy, 11 received chlorambucil-based therapy, and 10 received a variety of other treatments including proteasome inhibitor PS341 (two patients) and cyclin-dependent kinase modulator flavopiridol (three patients).
Immunohistochemical Staining
In reactive lymph nodes, a-tubulin, cdc2, and Ki67 were largely confined to the germinal centers; mantle zones were negative (Figure 2a , b). CENP-F immunostaining was also found mostly in the germinal centers, although a relatively higher number of positive cells were found in the mantle zone as well as the interfollicular areas (Figure 2c ). The immunostaining results of 48 mantle cell lymphoma tumors are summarized in Table 2 and illustrated in Figure 2d -g. a-Tubulin showed cytoplasmic staining, and most (26/48, 54%) mantle cell lymphoma tumors showed 425% positive cells (ie a score of 3 or 4). In contrast, most mantle cell lymphoma tumors had relatively small numbers of positive cells for cdc2 and CENP-F, with only 8/48 (16%) and 9/48 (22%) mantle cell lymphoma tumors carrying 425% positive cells for cdc2 and CENP-F, respectively. Roughly half (21/46, 46%) of mantle cell lymphoma cases had 425% cells reactive with Ki67. The immunostaining of cdc2 was predominantly cytoplasmic, although a lesser extent of nuclear staining was also identified. The immunostaining patterns of CENP-F and Ki67 were nuclear.
We have assessed intra-and inter-observer variability in scoring the immunostaining for these markers. The Spearman correlation coefficients between the two sets of scores from one observer (RL) were 0.96, 0.81, and 0.83, for a-tubulin, cdc2, and CENP-F, respectively. The Spearman correlation coefficients between the two sets of scores obtained from two different observers (DH, RL) were 0.95, 0.83, and 0.85 for a-tubulin, cdc2, and CENP-F, respectively. Correlation between Proliferation and a-Tubulin, cdc2, and CENP-F
To determine if the expression of a-tubulin, cdc2, and CENP-F correlates with proliferation, we analyzed the correlation between Ki67 and these three markers. The Spearman correlation coefficients between Ki67 and a-tubulin, cdc2, and CENP-F were 0.36 (Po0.01), 0.64 (Po0.0001), and 0.33 (Po0.02), respectively.
Correlation of Clinical Parameters with Mantle Cell Lymphoma Patient Survival
Of the seven clinical parameters listed in Table 1 , only a low IPI score (ie 0 or 1) showed a significant correlation with longer survival (P ¼ 0.03, logrank) ( Figure 3 ). Statistical analysis using higher IPI scores as cutoffs did not reveal significant differences in the survival. Patients with a clinical stage of 1-3 also showed a trend for longer survival, but the association was not statistically significant (P ¼ 0.15, logrank).
Prognostic Value of a-Tubulin, cdc2, CENP-F, and Ki67 Expression
High levels of a-tubulin (ie 42) and CENP-F (ie 42) were not significantly correlated with overall survival, with relative risks being 0.88 (P ¼ 0.74) and 1.05 (P ¼ 0.91), respectively (Figure 4a and b) . Statistical analysis using different cutoffs did not reveal significant correlation with the survival for atubulin and CENP-F. High levels of cdc2 expression (42) were strongly associated with short survival, with a relative risk of 4.31 (Po0.0005) (Figure 4c ). High level of Ki67 (43) was also found to be a useful prognostic marker (relative risk ¼ 4.0, Po0.0006) (Figure 4d) . A combined analysis correlating the sum of cdc2 and Ki67 with survival revealed a relative risk of 4.37 (Po0.0002). A combined score of a-tubulin, cdc2, and CENP-F yielded a relative risk of 3.84 (Po0.007) for survival. Statistical analysis using different cutoffs for cdc2 and Ki67 did not reveal statistical significance.
Owing to the treatment heterogeneity in our patient group, we also assessed if there is any correlation between survival and high level of cdc2 (42) or Ki67 (43) in patients treated with CHOP therapy. In this patient group (n ¼ 21), Ki67 remained to be significantly correlated with survival (P ¼ 0.029; relative risk ¼ 4.73) while cdc2 only showed a trend (P ¼ 0.14; relative risk ¼ 3.46). We also performed statistical analysis with the only two blastoid MCL cases removed; there was no significant changes to the P-values described.
Since we found that Ki67 and cdc2 are of prognostic value, we determined whether their prognostic significance is dependent of IPI (ie o2 vs Z2), the only clinical characteristics that we found to significantly correlate with overall survival. The data are summarized in Table 3 . Ki67 remained to be prognostically significant after adjustment for IPI (relative risk ¼ 3.63, Po0.0017). Similarly, cdc2 remained to be prognostically significant after adjustment for IPI (relative risk ¼ 3.20, Po0.0074). Although the clinical stage (stage 1-3 vs 4) did not correlate significantly with survival, it appeared to show a trend (ie P ¼ 0.15). Thus, we also determined the prognostic significance of cdc2 and Ki67 after adjustment for clinical stage. As described in Table 3 , both cdc2 and K67 
Discussion
The overall prognosis of mantle cell lymphoma patient is relatively poor, with a median survival of 3 years. Nevertheless, it has become clear that a subset of mantle cell lymphoma patients has relatively long survival. A number of previous studies have reported the prognostic values of various clinical, pathologic, and biologic markers for mantle cell lymphoma patients. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [16] [17] [18] Most mantle cell lymphoma patients present with a high clinical stage and widespread disease, and the prognostic value of IPI is controversial among studies. 2, 4 Some biologic markers are promising, and these markers include p53 mutations and loss of p27, which have been found to correlate with worse clinical outcome in some studies. [8] [9] [10] [11] Several recent studies employing cDNA microarray techniques to study mantle cell lymphoma tumors have yielded a large amount of data related to genes that are upregulated or downregulated in mantle cell lymphoma compared to non-neoplastic B cells or other B-cell lymphoma types. 13, 14, 19 Many of these genes are implicated in cellular proliferation and apoptosis. In addition to providing valuable insights into the pathogenesis of mantle cell lymphoma, the expression levels of some of these genes, as measured by quantitative PCR methods, While quantitative RT-PCR was employed to correlate gene expression and survival, neither of these two studies assessed the protein expression of these genes. The main purpose of this study is to determine the prognostic utilities of three markers identified by Rosenwald et al, for which antibodies are commercially available. We aimed to establish a relatively feasible and technically simple method to provide prognostic information for mantle cell lymphoma patients. We found that the three antibodies against atubulin, cdc2, and CENP-F can be readily applied to routinely fixed/paraffin-embedded tissues with the use of standard antigen retrieval and immunohistochemistry. The staining pattern of a-tubulin and CENP-F were in keeping with their expected subcellular localization, with a-tubulin being in the cytoplasm and CENP-F being nuclear. For cdc2, we found that the staining pattern of cdc2 was predominantly cytoplasmic and partially nuclear. Similar staining pattern has been reported in epithelial cells of the oral cavity. 20 All three antibodies against a-tubulin, cdc2, and CENP-F highlighted the germinal centers in reactive lymph nodes, indicating that they may be related to cellular proliferation. In keeping with this concept, cdc2 (cyclin dependent kinase-1; cdk1) is a member of the family of cyclin-dependent kinases, which plays a critical role in regulating cell cycle progression. In one recent study, cdc2 expression was detectable in 5% of primary thyroid lymphoma and its expression correlated with high Ki67 labeling and the grade of the tumor. 21 In another study, expression of cdc2 was found to correlate with prognosis in a cohort of patients with B-cell nonHodgkin's lymphoma. 22 a-Tubulin is a structural protein involved in the assembly of the mitotic spindles, and it is expected to increase in expression with increased mitotic activity. CENP-F is a member of the CENP centromere protein family, which is involved in the formation of the centromere and the organization/function of the kinetochore during mitosis. 23, 24 CENP-F, also known as mitosin, has been found to correlate with tumor proliferation in various human neoplasms 25, 26 and survival in one study. 27 We found that all three markers correlated with Ki67, further confirming the concept that they are associated with proliferation. While the idea that tumor proliferation is associated with worse prognosis is relatively well established in mantle cell lymphoma, 4, 6, 15, 17 the specific molecules involved in tumorigenesis have been elusive. Most recently, topoisomerase IIa, a key enzyme involved in DNA replication, has been found to be useful for survival prediction in mantle cell lymphoma. 7, 16 We report here the importance of cdc2 as both a proliferation indicator and prognostic marker. Indeed, cdc2 could play a key role in the pathogenesis of mantle cell lymphoma. Mantle cell lymphoma is characterized by an overexpression of cyclin D1, leading to dysregulation at the G1 checkpoint and driving cells into S phase. High levels of cdc2 expression would promote these tumor cells to progress further pass the G2 checkpoint. The loss of these two key cell cycle regulatory steps could provide an explanation for rapid tumor progression and shortened patient survival. Further supporting this double-hit hypothesis is that p53 plays an important regulatory role at both of these key transition points, and mutation in p53 has been associated with poorer survival in mantle cell lymphoma patients. [8] [9] [10] In our study, only cdc2 and Ki67 are significantly correlated with the overall survival. The explanation for the lack of prognostic significance for a-tubulin and CENP-F is unclear, but if further confirmed, raises the possibility of significant differences between the expression level of RNA and that of the protein for these markers. Since our assessment of expression was based on the percentage of cells reactive with the markers, rather than on total expression, it is also possible that the uneven distribution of a-tubulin and CENP-F among neoplastic cells may lead to an 'underestimation' of their expression using immunohistochemistry. The other possibilities may include the use of different patient population and differences in treatment.
Importantly, the prognostic values of cdc2 and Ki67 are independent of IPI and clinical stage. Both IPI and clinical stage have been found to be prognostically important in some but not all studies of mantle cell lymphoma. [2] [3] [4] [5] In our study, no statistical significance was found with IPI except when the cutoff was lowered to 1. As shown in Table  1 , there were only seven (23%) patients in our study who have an IPI of r1, which relatively limits the prognostic utility of IPI for most mantle cell lymphoma patients. Most patients in our study fell into Ann Arbor clinical stage III and IV and we found no statistical significance in survival between patients with stage III and IV. These findings support that immunodetection of cdc2 and Ki67 as a useful method in assessing the prognosis of mantle cell lymphoma patients. With the commercial availability of these antibodies, and the ease of applying these antibodies to formalin-fixed/parafcdc2 in mantle cell lymphoma D Hui et al fin-embedded tissues, we suggest the assessment of cdc2 and Ki67 expression to be included in the diagnostic work-up of new mantle cell lymphoma cases. In contrast to Ki67, cdc2 represents more than a proliferation marker. Its crucial role in cell cycle regulation suggests a mechanism for tumorigenesis in mantle cell lymphoma. The therapy of mantle cell lymphoma has advanced in recent years with the use of newer reagents such as rituximab and proteosome inhibitors. It is hoped that biologically rational advances in therapy will overcome the negative prognostic value of cdc2 and other markers in this disease. It is also of interest to assess the prognostic significance of cdc2 and other prognostic markers in mantle cell lymphoma patients treated with these new modalities.
In addition to prognostic indications, the identification of novel molecular markers may provide new targets for therapeutic intervention. Indeed, the use of flavopiridol in mantle cell lymphoma patients is based on the characteristic overexpression of cyclin D1 in this lymphoma type. Flavopiridol is a cyclin-dependent kinase modulator that induces cell cycle arrest via inhibition of cyclin-dependent kinase activities and reduction of cyclin D1 levels. 28 Recently, a phase II study with flavopiridol reported limited success with only three out of 28 patients demonstrating partial response, and the rest having either stable disease or progressive disease.
29 Determination of cdc2 level in these patient samples may help identify a subgroup of patients more susceptible to flavopiridol.
